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1 . 0  SUMMARY 

F u r t h e r  exper iments  and a n a l y s e s  of e l e c t r o c h e m i c a l  k i n e t i c s  

of new t i t a n i u m  s u r f a c e s  and of SCC i n  mol ten s a l t s  were  conducted.  

New t i t a n i u m  s u r f a c e s  d i d  n o t  p a s s i v a t e  i n  aqueous HI? n o r  i n  methanol - 

H C I  s o l u t i o n s .  That  t i t a n i u m  s t r e s s  cor rodes  i n  methanol-HC1 and not 

aqueous HF i n d i c a t e s  t h a t  p a s s i v a t i o n  by ox ide  p e r  s e  is  n o t  an 

e s s e n t i a l  c r i t e r i o n  f o r  SCC. Model r e l a t i o n s  f o r  r a t e  of ox ide  patch 

growth on t i t a n i u m  i n  aqueous s o l u t i o n s  were  d e r i v e d .  Analysis  of  

hydrogen i o n  mass t r a n s p o r t  i n  mol ten s a l t s  i n d i c a t e d  t h a t  t h e  hydrogel? 

mechanism i s  u n l i k e l y  i n  t h i s  c a s e .  Exper imental  evidence f o r  anod ic  

d i s s o l u t i o n  of t i t a n i u m  i n  a  p ropaga t ing  c r a c k  i n  a  molten s a l t  was 

observed.  



INTRODUCTION 

T h i s  r e p o r t  d e s c r i b e s  p a r t  of a s t u d y  o f  stress c o r r o s i o n  

c r a c k i n g  o f  t i t a n i u m  a l l o y s  i n i t i a t e d  i n  J u l y  1965 ( 1 )  and c o n t i n u e d  

unde r  NASA s p o n s o r s h i p  b e g i n n i n g  J u l y ,  1966 ( 2 )  . T h i s  i s  t h e  s i x t e e n t h  

Q u a r t e r l y  R e p o r t  i n  t h e  s e r i e s  ( 2 ,  4 ,  5 ,  6 ,  7 ,  8 ,  9 ,  PO, 11, 1 2 ,  1 3 ,  l i ,  

1 5 ,  1 6 ,  17)  and  c o v e r s  t h e  s ix-month p e r i o d  o f  J a n u a r y  1, th rough  

J u n e  30,  1970.  A s h o r t  l e t t e r  r e p o r t  (17)  d e s c r i b e d  work i n  p r o g r e s s  

i n  t h e  p e r i o d  o f  J a n u a r y  1, th rough  March 31 ,  b u t  d i d  n o t  p r e s e n t  

d e t a i l e d  r e s u l t s .  

The p r e s e n t  Q u a r t e r l y  Repor t  d e s c r i b e s  some a d d i t i o n a l  e x p e r i ~ e ~  ts 

and t h e o r y  on  e l e c t r o c h e m i c a l  k i n e t i c s  o f  newly g e n e r a t e d  t i t a n i u m  

s u r f a c e s  and some f u r t h e r  SCC e x p e r i m e n t s  i n  m o l t e n  sa l t s  and a n a l y s i s  

o f  d a t a .  

A c o n s i d e r a b l e  amount o f  t i m e  and e f f o r t  was devo ted  d u r i n g  t h e  

p a s t  two q u a r t e r s  t o  w r i t i n g  c h a p t e r s  on stress c o r r o s i o n  c r a c k i n g  o f  

t i t a n i u m  i n  c o l l a b o r a t i o n  w i t h  t h e  ARPA SCC program. These  c h a p t e r s  

w i l l  a p p e a r  i n  a  book on SCC i s s u e d  by  ARPA. A number o f  a s s o r t e d  

e x p e r i m e n t s  on  SCC o f  t i t a n i u m  w e r e  conduc ted  d u r i n g  t h i s  t i m e  t o  f i l l  

i n  o b v i o u s  gaps  i n  i n f o r m a t i o n .  R e s u l t s  o f  t h e s e  e x p e r i m e n t s  by  themse lves  

d i d  n o t  t e l l  a  c o h e r e n t  enough s t o r y  and t h u s  w e r e  n o t  w r i t t e n  up s e p a r z t e i y  

f o r  t h i s  Q u a r t e r l y  R e p o r t .  The above  c h a p t e r s  w i l l  b e  made a v a i l a b l e  

as a  BSRL document.  



3.0 TECHNICAL DISCUSSION 

3 , l  E lec t rochemica l  K i n e t i c s  

Some k i n e t i c s  exper iments  were conducted i n  which t h e  ou tpu t  fror .  

t h e  p o t e n t i o s t a t  was s e n t  t o  t h e  BSRL computer t o  compile and p r i n t  o t r .  

A comparison of d a t a  compiled by t h e  computer and from an  o s c i l l o s c n p c  

photograph of t h e  same run is  given i n  F i g .  1. The d a t a  have b e e s  imprillred 

i n  accuracy and extended t o  about  an o r d e r  of magnitude i n  c u r r e n t  by  JLe 

of t h e  computer b u t  f u r t h e r  work needs t o  be done t o  decrease  the . ~ c i s c  

l e v e l  and p r e v e n t  t h e  o s c i l l a t i o n s  o c c u r r i n g  a t  t h e  low c u r r e n t s .  ?'kc 

more a c c u r a t e  d a t a  shou ld  a l low b e t t e r  t e s t i n g  of k i n e t i c  models,  

3 . 1 . 1  Experiments i n  HF and Methanol-HC1 

The HF and Methanol-fIC1 t e s t s  were made t o  de te rmine  t h e  kinetic 

b e h a v i o r  o f  f r e s h  t i t a n i u m  s u r f a c e s  i n  presumably non-pass i v a t i n g  Slri/ ran-- 

ments.  R e s u l t s  of a  run i n  3M HF a t  -500 mv a r e  shown i n  F ig .  2 ,  ( A  T c f i c ~  

Luggin c a p i l l a r y  and s a l t  b r i d g e  were used. )  The c u r r e n t  r o s e  b u t  aid -ot 

decay w i t h  t ime a s  i n  3 M H C 1 .  A second t r a c e  taken about  one second after 

t h e  b r e a k  gave t h e  same p l a t e a u  c u r r e n t ,  i n d i c a t i n g  t h a t  p a s s i v a t i o ~  did n o t  

occur .  The c u r r e n t  d e n s i t y  could  n o t  be  c a l c u l a t e d  a c c u r a t e l y  because  tbe 

r e a c t i o n  o c c u r r e d  on an extended a r e a  where t h e  epoxy r e s i n  had s epa rz t ed  

from t h e  s u r f a c e .  Judg ing  from t h e  s t a i n i n g  and e t c h i n g  t h e  a c t i v e  reacting 

s u r f a c e  was a t  l e a s t  seven t imes t h e  s i z e  of t h e  two new f r a c t u r e  s u r f a c e s ,  



0 Osci l loscope Pho to  

Fig. 1 Kinetic data compiled by computer commercially pure 

titanium in 3MHC1 at -500 mV 



F i g .  2 Current-t ime curves  f o r  new s u r f a c e s  of  commercially 

pure  T i  i n  H C 1  and HF a t  a p o t e n t i a l  of  -500 mV (SCE) 



212 c o n d u c t i v i t y  of 3  M HF is about  1 /35  t h a t  of 3 M H C 1  ( 1 8 ) ,  thus  e x p l a i n i n g  

wl-y t h e  p l a t e a u  c u r r e n t  was lower i n  t h e  HF s o l u t i o n  i n  s p i t e  of t h e  l a r g e r  

area. The d i f f e r e n c e  i n  e l e c t r o d e  geometry makes a  q u a n t i t a t i v e  comparison 

o f  c u r r e n t  d e n s i t i e s  d i f f i c u l t .  The c u r r e n t  r eached  t h e  p l a t e a u  l e v e l  i n  

Less than 4 m i l l i s e c o n d s  i n d i c a t i n g  t h a t  t h e  air-formed t i t a n i u m  ox ide  

- * i l l m  on t h e  o l d  s u r f a c e  i s  very  r a p i d l y  removed by HF. 

A cur ren t - t ime  curve  f o r  a new t i t a n i u m  s u r f a c e  i n  methanol-HC1 

s o l u t i o n  is  shown i n  F i g .  3 .  (The s o l u t i o n  was p r e p a r e d  by bubbl ing  i n t o  

anhydrous methanol a s t r e a m  of H C 1  gas produced by s lowly  d r i p p i n g  c o n c e n t r a t e d  

H SO o n t o  NaCl i n  a  f l a s k .  H C I  c o n c e n t r a t i o n  i n  t h e  methanol was determined 
2 4 

b y  t i t r a t i o n  of an a l i q u o t  w i t h  s t a n d a r d  NaOH s o l u t i o n . )  The new t i t a n i u m  

s u r f a c e  d i d  n o t  p a s s i v a t e  r a p i d l y  a s  i t  does i n  aqueous s o l u t i o n s .  

Peak c u r r e n t  f o r  new t i t a n i u m  s u r f a c e s  is  p l o t t e d  i n  F ig .  4 a s  a 

f u n c t i o n  of p o t e n t i a l  i n  varous  e l e c t r o l y t e s .  Whereas t h e  aqueous s o l u t i o n s  

had rrixed p o t e n t i a l s  a t  -750 t o  -800 mv t h e  metahnol - H C 1  s o l u t i o n  had a  

rLLxed p o t e n t i a l  a t  about  -200 mv. Th is  can be  a t t r i b u t e d  t o  t h e  c o n s i d e r a b l y  

i n h i b i t e d  c a t h o d i c  k i n e t i c s  a s  no ted  by t h e  s m a l l  s l o p e  on t h e  c a t h o d i c  s i d e .  

In Table  1 i t  i s  s e e n  t h a t  t h e  a p p a r e n t  r e s i s t a n c e  of t h e  c e l l  on t h e  a n o d i c  

s i d e  is reasonab ly  c o n s i s t e n t  between t h e  aqueous and methanol s o l u t i o n s .  The 

a 2 p a r e n t  r e s i s t a n c e  is  n e a r l y  a  f a c t o r  of 10 g r e a t e r  on t h e  c a t h o d i c  s i d e  

i n  metahanol - H C 1  i n d i c a t i n g  t h a t  t h e  r e d u c t i o n  r e a c t i o n  on t h e  s u r f a c e  i s  

i n h i b i t e d .  This s t r i k e s  a  s i g n i f i c a n t  blow t o  t h e  hydrogen model f o r  SCC 

propaga t ion  i n  methanol because  t h e  r e g i o n  I1 SCC v e l o c i t y  i s  n e a r l y  t h e  

same i n  methanol-hal ide  s o l u t i o n s  a s  i n  w a t e r - h a l i d e  s o l u t i o n s .  



Fig. 3 C u r r e n t - t i m e  c u r v e s  f o r  new s u r f a c e s  of  commercia l ly-pure  

T i  i n  aqueous  and n i e t h a n o l i c  s o l u t i o n s  o f  H C l  a t  a potential 

o f  0 mV (SCE) 



- 1000 -500 0 500 

Potential (mV) 

Fig. 4 Peak c u r r e n t  f o r  new t i t a n i u m  s u r f a c e s  a s  a  f u n c t i o n  of 

p o t e n t i a l  i n  aqueous and methanol s o l v e n t s  



Ra R 
S o l u t i o n  K (ohm-lcm-5 Ra(ohm) Rc(ohm) RCalc * (ohm) I?-"-- c 

K e a l c  c a l z  - -- 

1 . 3  N H C 1  0.37** 
i n  MeOH 

2 
A = 0.05 cm ( J .  Electrochem. Soc, , ILJ, 

890 (1968))  

; Valve o f  K f o r  aqueous s o l u t i o n  - no d a t a  f o r  methanol s o l u t l o c  

a  = anodic  

c  = c a t h o d i c  

Tab le  1 Comparison of Apparent C e l l  R e s i s t a n c e  a t  Cur ren t  

Peak t o  C a l c u l a t e d  Value 



A s t e a d y - s t a t e  p o l a r i z a t i o n  curve  measured w i t h  commercially-pure 

t i tanium i n  t h e  same methanol-HC1 s o l u t i o n  i s  shown i n  F ig .  5 .  The mixed 

oo ten t f i a l  w a s  between -500 and -600 mv i n  s e v e r a l  runs  b u t  prolonged 

c;thod:ic p o l a r i z a t i o n  s h i f t e d  i t  i n  t h e  p o s i t i v e  d i r e c t i o n .  I t  i s  s e e n  i n  

F i g ,  5 t h a t  t h e  mixed p o t e n t i a l  of t h e  new s u r f a c e  i s  cons iderab ly  more 

pcs i t ive  t h a n  f o r  t h e  s t e a d y - s t a t e  s u r f a c e .  The c o r r o s i o n  c u r r e n t  d e n s i t y  

i s  also g r e a t e r  as i n  aqueous s o l u t i o n s  b u t  only  by a  f a c t o r  of 10 t o  

1C0 as compared t o  about  l o5  i n  aqueous H C 1  s o l u t i o n .  



- 500 0 

Potential mV (SCE) 

F i g .  5 P o l a r i z a t i o n  c u r v e s  f o r  new s u r f a c e  and s t e a d y - s t a t e  

c o n d i t i o n  of  t i t a n i u m  i n  methanol-HC1 



Zl.i.2 Ana lys i s  o f  Data 

The purpose  of conduc t ing  t h e  e l e c t r o c h e m i c a l  k i n e t i c s  exper iments  

c n  new s u r f a c e s  of t i t a n i u m  i s  t o  o b t a i n  q u a n t i t a t i v e  d a t a  t h a t  can b e  

used i n  t h e  e l e c t r o c h e m i c a l  m a s s - t r a n s p o r t - k i n e t i c  (MTK) model f o r  SCC of 

ii t an im .  The model t h a t  appears  t o  f i t  t h e  k i n e t i c  d a t a  b e s t  a t  p o t e n t i a l s  

anodic t o  t h e  mixed p o t e n t i a l  i n  H C 1  s o l u t i o n s  is  d i s s o l u t i o n  of t i t a n i u m  t o  

3+ fcrm Ti which is  i n h i b i t e d  by s imul taneous  fo rmat ion  of ox ide  p a t c h e s  ( 1 1 ) .  

TEe  model i s  i l l u s t r a t e d  i n  F ig .  6 .  The d i s s o l u t i o n  r e a c t i o n :  

Ls assumed t o  fo l low T a f e l  k i n e t i c s  

Assuming i n s t a n t a n e o u s  n u c l e a t i o n  and two-dimensional growth,  t h e  

ccverage by ox ide  p a t c h e s ,  0 ,  can b e  expressed  by 

0 = 1 - e x p [ - c ~ ~ ]  

23x6 the  c u r r e n t  d e n s i t y  t o  t h e  pa tches  by 



F i g .  6 I l l u s t r a t i o n  of  growth of  o x i d e  p a t c h e s  w i t h  c o r r o s i o n  

on b a r e  a r e a s  



S u ' c s t i t ~ u t i n g  e q u a t i o n  2 i n  e q u a t i o n  1 g i v e s  

value of t h e  c o n s t a n t ,  C, was determined t h a t  gave an  approximate  f i t  

0 2  e q u a t i o n  4 t o  e x p e r i m e n t a l  d a t a  ( 1 1 ) .  

A q u e s t i o n  t h a t  a r i s e s  i s ,  what determines  t h e  v a l u e  of C and is  i t  a  

c ~ ~ ~ s r a n ~ : ?  From t h e o r y  (19) i t  can be  shown t o  be  r e l a t e d  t o  t h e  c u r r e n t  

density a t  t h e  p e r i p h e r y  of t h e  p a t c h e s  by 

Ta l e  va lue  of i might b e  expec ted  t o  b e  some f u n c t i o n  of a p p l i e d  p o t e n t i a l ,  
2 

determined e i t h e r  by T a f e l  k i n e t i c s ,  mass t r a n s p o r t  o r  ohmic drop i n  s o l u t i o n .  

A 1 5 s  t r a n s p o r t  l i m i t  i s  n o t  p robab le  because  t h e  r e a c t a n t  from s o l u t i o n  i s  

vacer which is  i n  h igh  c o n c e n t r a t i o n .  An a n a l y s i s  g iven  i n  Appendix I i n d i c a t e s  

"Cia: 01iniic drop i n  t h e  s o l u t i o n  i n  t h e  micro-region around t h e  p a t c h e s  i s  n o t  

l i r i r i n g ,  A k i n e t i c  l i m i t a t i o n  a t  t h e  s u r f a c e  might t h e r e f o r e  b e  expected.  

'Fie r u d e r  of pa tches  p e r  s q u a r e  c e n t i m e t e r ,  n ,  i s  assumed t o  b e  c o n s t a n t  

for t h e  p r e s e n t  because  n u c l e a t i o n  occurs  a t  t h e  mixed p o t e n t i a l  which i s  

assamed t o  be  immediately e s t a b l i s h e d  when t h e  s o l u t i o n  h i t s  t h e  s u r f a c e  a f t e r  

As a f i r s t  approximat ion t o  t h e  e f f e c t  of p o t e n t i a l  on t h e  v a l u e  of C ,  

% 
t\e I a f e i  p a r t  of e q u a t i o n  4 was assumed c o n s t a n t  and C was determined from 

2 trae sloce of l o g  c u r r e n t  v e r s u s  T p l o t s .  R e s u l t s  a r e  given i n  F i g .  7 i n  

1, 

bl1>h 2 T a f e l  p l o t  of c '2 ( p r o p o r t i o n a l  t o  i i n  e q u a t i o n  5) i s  made. P o i n t s  
2 

are shown c a l c u l a t e d  f o r  hydrogen i o n  d i s c h a r g e  on t h e  c a t h o d i c  s i d e  of 

~ 1 . c  mixer' p o t e n t i a l  a s  w e l l  a s  f o r  t h e  anod ic  s i d e .  The v a l u e  of k5 



Potential (Volts vs SCE) 

F i g .  7 T a f e l  p l o t  o f  C' f r o m E q u a t i o n  4 



apoe;rs t o  go th rough  a maximum a t  a b o u t  $ . 
m 

The v a l u e  of  t h e  T a f e l  p a r t  o f  e q u a t i o n  4 canno t  b e  a c o n s t a n t  at 

h i g h  o v e r p o t e n t i a l s  s o  a  more a c c u r a t e  po in t -by -po in t  c a l c u l a t i o n  was 

made, The v a l u e  o f  C" w a s  s o l v e d  n u m e r i c a l l y  f rom t h e  e x p e r i m e n t a l  

c ~ r r e n t - t i m e  d a t a  u s i n g  t h e  e q u a t i o n  

a n  /- vrl~cl- 2s d e r i v e d  i n  Appendix 11. The v a l u e  of  -- was assumed t o  b e  
RT 

- 1 1.9-5 vo l - t s  ( i . . ,  n  = 0.5)  and pR was c a l c u l a t e d  f rom t h e  s l o p e  o f  t h e  

e x p e r i n e n t a l  peak a n o d i c  c u r r e n t  d e n s i t y  v e r s u s  p o t e n t i a l .  The v a l u e s  of  

C" s o  c a l c u l a t e d  a r e  p l o t t e d  v e r s u s  ( 4  - i p T ) ,  t h e  e l e c t r o d e  s u r f a c e  
P  

p a t - e n t k a i ,  i n  F i g .  8.  Comparing t o  F i g .  7 i t  i s  s e e n  t h a t  t h e  v a l u e  o f  C 

b ~ ~ 4 i . n ~  a t  a b o u t  t h e  same l e v e l  a t  t h e  mixed p o t e n t i a l  b u t  c o n t i n u e s  t o  

d e c r e a s e  w i t h  i n c r e a s i n g  p o t e n t i a l .  I t  w a s  e x p e c t e d  t h a t  C$ might  b e  a 

un ;uc Lunc t ion  of  p o t e n t i a l  o f  t h e  s u r f a c e  r e g a r d l e s s  of  t h e  p o t e n t i a l  s e t  

on t h e  p o t e n t i o s t a t  b u t  t h i s  e x p e c t a t i o n  was n o t  f u l f i l l e d .  

I f  t h e  d i s s o l u t i o n  c u r r e n t  d e n s i t y  be tween p a t c h e s  becomes v e r y  l a r g e  

as the s u r f a c e  p o t e n t i a l  becomes more a n o d i c  t h e n  i t  might  b e  e x p e c t e d  

;!ler " h o l e s "  w i l l  b e  c o r r o d e d  be tween t h e  p a t c h e s  a s  i l l u s t r a t e d  s c h e m a t i c a l l y  

i n  F i g ,  9 .  The o x i d e  monolayer  would t h e n  have  t o  f o l l o w  t h e  s u r f a c e  i n t o  

the h o l e s .  Under t h e s e  c i r c u m s t a n c e s  t h e  Avrami c o n d i t i o n  r e l a t i n g  actual  

coverage t o  e x t e n d e d  c o v e r a g e  does  n o t  a p p l y  and a new r e l a t i o n s h i p  would 

have t o  be d e r i v e d .  An e q u a t i o n  - 



-0.5 0 0.5 

@ - i p /  (Volts vs SCE) 

1, 

F i g .  8 Value  o f  c ' ~  as a f u n c t i o n  o f  e l e c t r o d e  s u r f a c e  p o t e n t i a l  io, 

t h r e e  e x p e r i m e n t s  ( a t  $ = -0.5, 0 and + 1.0 v o l t s )  from 
P  

E q u a t i o n  6 



- .  
rig, 9 Schemat ic  r e p r e s e n t a t i o n  of h o l e s  corroded between ox ide  

p a t c h e s  



Ji was d e r i v e d  f o r  t h i s  c o n d i t i o n  i n  Appendix 111. Values of C were 

computed from t h e  same d a t a  shown i n  F ig .  8 and p l o t t e d  i n  F ig .  16. ???c 

v a l u e  of cosy , ( s e e  Appendix 111) was assumed t o  b e  c o n s t a n t  a t  i, 

'i thus  t h e  v a l u e s  of C a r e  minimum v a l u e s .  Data f o r  t h e  t h r e e  runs fell 

c l o s e r  t o g e t h e r  t h a n  f o r  e q u a t i o n  6 .  The s l o p e s  of t h e  l i n e s  a r e  & o u t  

+ 
-220 mv p e r  decade of C . An i n t e r p r e t a t i o n  of t h i s  n e g a t i v e  sLclce is 

given  i n  Appendix I V .  The concept  i s  t h a t  an  i n t e r m e d i a t e  i s  formel  a t  

t h e  edge of t h e  p a t c h e s  t h a t  can r e a c t  f u r t h e r  t o  form e i t h e r  t h e  

3+ 
p a s s i v a t i n g  ox ide  o r  T i  i o n .  It i s  cons idered  t h a t  t h e  r a t e  of fornz:izn 

of Ti3' i n c r e a s e s  f a s t e r  w i t h  p o t e n t i a l  than  t h e  r a t e  of fo rmat ion  ci 

p a s s i v e  ox ide .  A p o s s i b l e  r e a c t i o n  scheme i s :  



- 1 0 1 

Volts vs SCE) 

% P i g .  19 Value of C a s  a f u n c t i o n  of e l e c t r o d e  s u r f a c e  p o t e n t i a l  f o r  

t h r e e  exper iments  ( a t  = -0.5, 0 and 1.0 v o l t s )  from 
P 

Equat ion 7 



3.2 SCC i n M o l t e n  S a l t s  

I n t r o d u c t i o n  

Work on s t r e s s  c o r r o s i o n  c r a c k i n g  i n  molten s a l t s  has  been 

c o n c e n t r a t e d  on t h e  LiC1-KC1 e u t e c t i c  m e l t  s i n c e  t h e  l a s t  p r o g r e s s  

r e p o r t  ( 1 6 ) .  It h a s  been d i r e c t e d  toward t h e  d e t e r m i n a t i o n  of t h e  

e f f e c t  of H 0 and t h e  i n f l u e n c e  of t empera tu re  on c r a c k  p ropaga t ion  
2  

b e h a v i o r ,  and t h e  e l u c i d a t i o n  of t h e  r o l e  of anod ic  d i s s o l u t i o n  on 

t h e  c r a c k i n g  p r o c e s s .  Th i s  m e l t  was chosen because:  

(1 )  ve ry  dry  mel t s  may be  o b t a i n e d ;  

(2) t i t a n i u m  does n o t  p a s s i v a t e  i n  t h e s e  mel t s  under anod ic  

d i s s o l u t i o n  c o n d i t i o n s .  

The e a r l i e r  r e s u l t s  i n d i c a t e d  t h a t  hydrogen embr i t t l ement  was no: 

i m p o r t a n t .  These r e s u l t s  were:  (1)  v i s u a l  o b s e r v a t i o n s  of c rack ing  ir 

mel t s  w i t h  and w i t h o u t  w a t e r  r e v e a l e d  no l a r g e  d i f f e r e n c e s  i n  propabzrScn 

v e l o c i t y ,  and;  ( 2 )  c a t h o d i c  p r o t e c t i o n  of t h e  specimen would not i e  

expec ted  i f  hydrogen e m b r i t t l e m e n t  were i m p o r t a n t .  These q u a l i t a t r v e  

v i s u a l  r e s u l t s  a r e  made q u a n t i t a t i v e  i n  a  l a t e r  s e c t i o n .  The c a t h o d i c  

p r o t e c t i o n  r e s u l t s  w i l l  b e  d i s c u s s e d  f u r t h e r  h e r e  i n  connec t ion  w i t h  

t h e  w a t e r  c o n c e n t r a t i o n  i n  t h e  m e l t s .  

P r o t e c t i o n  of t h e  specimen i s  ach ieved  by h o l d i n g  i t  a t  a  p o t ? n t r a ,  

(wi th  r e s p e c t  t o  a  r e f e r e n c e  e l e c t r o d e )  which is c a t h o d i c  of t h e  r e s t  

p o t e n t i a l  of t i t a n i u m .  Under t h e s e  c o n d i t i o n s  t h e  t i t a n i u m  w i l l  not 

d i s s o l v e .  Th is  i s  a  s t r o n g  i n d i c a t i o n  t h a t  a n o d i c  d i s s o l u t i o n  p l a y s  

a  major r o l e  i n  t h e  c r a c k  e x t e n s i o n  p r o c e s s .  F u r t h e r ,  t h e  r e d u c t i o n  

of hydrogen i o n s  reaches  a  l i m i t  ( i . e . ,  a  l i m i t  caused by d i f f u s i o n ;  

a t  a  p o t e n t i a l  which i s  a n o d i c  of t h e  r e s t  p o t e n t i a l  of t i t a n i u m ,  and 



one would s t i l l  have t h e  same amount of hydrogen i o n  r e d u c t i o n  a t  more 

cathodic p o t e n t i a l s .  There fore ,  t h e  e l e c t r o c h e m i c a l  b e h a v i o r  o f  hydrogen 

renairms c o n s t a n t  through t h e  p o t e n t i a l  r ange  where c r a c k i n g  may b e  

inisiatked o r  s topped .  

%so major conc lus ions  may b e  drawn from t h i s .  The f i r s t  i s  t h a t  

t k e  very e x i s t e n c e  of c a t h o d i c  p r o t e c t i o n  i n  a  r e g i o n  where hydrogen i s  

a e i n g  evolved i n d i c a t e s  t h a t  hydrogen is  n o t  i m p o r t a n t  i n  c rack ing .  

 TI^ second i s  t h a t  hydrogen is n o t  invo lved  s i n c e  i t  i s  b e i n g  g e n e r a t e d  a t  

a cons t a n t  r a t e  i n  t h e  r e g i o n  where t h e  c r a c k i n g  is  d i scon t inuous  ( i  . e  . , 
may b e  i n i t i a t e d  o r  s t o p p e d ) .  

The magnitude of t h e  f l u x  of hydrogen i o n s ,  a t  l i m i t i n g  c u r r e n t ,  i s  

very small i n  t h e  ve ry  dry mel t s  which a r e  a v a i l a b l e .  Thus, i t  i s  p e r t i n e n t  

t o  a s k  what v e l o c i t y  of c r a c k  p r o p a g a t i o n  cou ld  b e  suppor ted  by t h e  

~ y d r o g e n  i n  t h e s e  d ry  m e l t s .  I f  i t  is  much lower  than  observed,  t h i s  

w m l d  oe an  a d d i t i o n a l  argument a g a i n s t  t h e  n e c e s s i t y  f o r  hydrogen t o  

p i a y  a major r o l e  i n  t h e  c r a c k i n g .  

The LiC1-KC1 e u t e c t i c  i s  a v a i l a b l e  commercially as a  p o l a r o q u a l i t y  

- * 
 ater rial, w i t h  t h e  amount of OH s p e c i f i e d  t o  be  l e s s  t h a n 1  ppm . This  

x o u l d  s u p p o r t  a  l i m i t i n g  c u r r e n t  (o f  hydrogen i o n  r e d u c t i o n )  under  o r d i n a r y  

convec t ion  c o n d i t i o n s  g iven  by 

* 
Anderson Phys ics  Laboratory  



where 

n = number of e l e c t r o n s  invo lved  i n  charge t r a n s f e r  = I 

5 F = Faraday 's cons t  a n t  ---- 10 coulombs 

z + = charge number of hydrogen i o n  = 1 
H 

-5 2 
D~' = d i f f u s i o n  c o e f f i c i e n t  of hydrogen i o n  = 10 cm / s e e  

cH' = c o n c e n t r a t i o n  o f  hydrogen i o n  = l oq5  moles/cm 3 

-2 
' d i f  f  

= d i f f u s i o n  l a y e r  t h i c k n e s s  = 10 cm. 

Our measurements of l i m i t i n g  c u r r e n t  i n  t h e s e  m e l t s  a r e  g e n e r a l l y  abou t  

2 
1 /30 of t h i s ,  i . e . ,  30 i-~A/cm . This  c a l c u l a t i o n  would b e  a p p r o p r i a t e  

f o r  a p l a n e  i n t e r f a c e ,  and t h e  e q u i v a l e n t  c a l c u l a t i o n  f o r  a wedge-shape6 

c r a c k  would b e  t o  g i v e  an  even lower  v a l u e  f o r  t h e  l i m i t i n g  f l u x  t o  the 

c r a c k  t i p .  I n  f a c t ,  i n  t h e  l i m i t  of  a " sharpf '  c r a c k  t i p ,  t h e  l i m i ~ ; - n g  

f l u x  would b e  e x a c t l y  z e r o  a t  t h e  c r a c k  t i p .  

To demonstra te  t h i s ,  one may c a l c u l a t e  t h e  f l u x  of hydrogen by  

s o l v i n g  t h e  e q u a t i o n  of c o n t i n u i t y .  I n  t h e  p r e s e n c e  of a l a r g e  e x c e s s  

+ + 
of o t h e r  c u r r e n t  c a r r i e r s  ( i .  e . ,  t h e  - L i  , K and ~ 1 -  i o n s )  and under  

s t e a d y - s t a t e ,  s t a g n a n t  c o n d i t i o n s  ( i . e . ,  t h e  s o l u t i o n  is  p u l l e d  a long  

w i t h  t h e  c rack)  , t h e  e q u a t i o n  of c o n t i n i t y  becomes 



This equat ion has  t h e  gene ra l  s o l u t i o n  

[akrk + b k rMk] cos k~ 

%rk + fkr-k] s i n  k~ 

w'here CH+ is  t h e  concent ra t ion  of hydrogen ions  

r i s  t h e  d i s t a n c e  from t h e  t i p  of t h e  crack 

0 is  t h e  angle  where one s i d e  of t h e  crack is  taken 

a s  zero 

k is t h e  s e p a r a t i o n  cons tan t  

a , bo,  ak ,  bk,  do, f o ,  41, f k  a r e  cons tan ts  
0 

I n  o rde r  t o  have symmetry i n  CH+, 

MT d = f  = O , k = -  
0 

9 n odd. 
0 0 

I n  o rde r  t h a t  

CH+ = 0 ( i  . e . ,  a t  l i m i t i n g  cu r r en t )  f o r  8 = 0 

and 0 = 01  (c rack  angle)  f o r  a l l  va lues  of r ,  

ak = bk = a  = b  = 0 .  
0 0 

I f  t h e  crack t i p  i s  assumed t o  b e  "sharp", one must a l s o  have 

f, = 0 .  



T h i s  g i v e s  an  e q u a t i o n  f o r  %+ , 

2 d rnT1'1 s i n  ~ . i r ~ / e  
'H+= nodd n 1 

where t h e  c o n s t a n t s ,  dn,  a r e  t o  b e  determined from o t h e r  boundary 

c o n d i t i o n s .  Without s o l v i n g  t h e  problem any f u r t h e r ,  i t  can b e  s e e n  

t h a t  

( i .  e .  , t h e  f l u x  of hydrogen ions 

@O normal t o  t h e  c r a c k  w a l l )  

s i n c e  M T / ~  >> 1 f o r  t h e  s m a l l  a n g l e  c racks  of i n t e r e s t  h e r e .  
1 

For c r a c k s  w i t h  rounded t i p s ,  t h e  e q u a t i o n  f o r  CH+ i s ,  

Here ,  t h e  c r a c k  t i p  is  t a k e n  t o  b e  a t  r = 6 1 and t h e  o u t e r  opening t o  

t h e  c r a c k  is  a t  r = 62. For 6  1 < < 6 2 ,  t h e  a c t u a l  shape  of t h e  c r a c k  tip 

would n o t  b e  expec ted  t o  b e  of much importance.  

I f  one uses  the boundary c o n d i t i o n s  



a solution may be  obtained.  The f i r s t  boundary condi t ion  j u s t  s t a t e s  

tha t  the hydrogen i s  be ing  reduced a t  l i m i t i n g  cu r r en t  a t  t h e  crack t i p .  

The second boundary condi t ion  r e f l e c t s  t h e  amount of cu r r en t  flowing 

i f i ro  t h e  crack and i s  taken t o  b e  t h e  same a s  t h e  l i m i t i n g  cu r r en t  t o  

a >lane i n t e r f a c e .  The s o l u t i o n  is 

4 e n n / e l  + 2 n n / e l )  - n n l e l  r 

n n / e l - i - ( 6  2 - n n / e l - I ) 6 1 2 n ~ / e 1  ] s i n  

The cur ren t  t o  t h e  t i p  ( i . e . ,  r = 6 1 )  i s ,  

nv 8 s i y  
1 

n nn /0  1- 1) Inn18 
nodd % 

Zn the s i t u a t i o n  where 

odd 

The largest term of t h e  s e r i e s  i s  t h e  f i r s t .  I f  



and t h e  t i p  c u r r e n t  due t o  hydrogen i o n  r e d u c t i o n  is  extremely sm-al! 

a s  compared t o  t h e  c u r r e n t  t o  b u l k  s u r f a c e .  V i r t u a l l y  t h e  same 

conc lus ion  i s  reached  i f  t h e  second boundary c o n d i t i o n  i s  t a k e n  as  

For t h e  c a s e ,  a g a i n ,  

Th is  c o n c l u s i o n ,  t h a t  t h e r e  is a n e g l i g i b l e  t i p  c u r r e n t  due t o  hvdrogen -cn 

r e d u c t i o n  means t h a t  t h e  v e l o c i t y  o f  c r a c k  p r o p a g a t i o n  which may b e  s c p p o r t e d  

by hydrogen ernbr i t t lement  i s  n e g l i g i b l e .  The r e s u l t  could  b e  moderated 

by i n t r o d u c i n g  c o n v e c t i o n ,  b u t  t h i s  would n o t  b e  expected t o  produce z 

major change i n  t h e  conc lus ion .  



The f i n a l  po in t  t o  b e  made i n  t h i s  r e p o r t  concerning t h e  in f luence  

af by d r ~ ~ g e n  emb r i t  tlement on s t r e s s  cor ros ion  cracking i n  molten 

salts i s  t h e  comparison of behavior  i n  "wet" and "dry" mel t s .  I n  order  t o  

determine t h e  e f f e c t  of water  concent ra t ion  on t h e  c rack  behavior ,  one 

must f i r s t  cons ider  t h e  range of water  s o l u b i l i t y  a v a i l a b l e  f o r  s tudy ,  

and metlaods of determining t h e  concent ra t ion  of water  i n  t h e  melts .  Burkhard 

and Corbet t  (20) have determined t h e  s o l u b i l i t y  of water  i n  LiC1-KC1 

m e l t s  as a func t ion  of temperature and water  vapor pressure .  A s  i n  

other melts  (211, t h e  s o l u b i l i t y  was found t o  b e  a l i n e a r  func t ion  of 

vapor  p re s su re  a t  low p res su res .  A t  p a r t i a l  p re s su re s  of H 0 above -15 mm 
2 

(depending on temperature> the  s o l u b i l i t y  was found t o  depar t  from t h e  

Henry's Law behavior ,  wi th  t h e  genera t ion  of H C 1  by hydro lys i s .  The 

Henry's Law cons tan t  a t  3 9 0 ' ~  was determined t o  b e  30.0 and 30.5 mole 

ri C (mo le  L ~ c I ) - ~  6' a t  50 mole X and 60 mole X L i C l ,  r e spec t ive ly  
2 

( t h e  ewtec t i c  i s  58 mole % LiC1). This corresponds t o  9.7 and 9 .8  ppm 

-I 
( m ~ >  r e spec t ive ly .  I f  t h e  melt  were t o  achieve  equi l ibr ium wi th  t h e  

dry box  atmosphere ( loe5 mm ~ ~ 0 1 ,  t he  melt  would conta in  t h e  minimum 

-5 
amount of  water  we can a t t a i n ,  i . e .  , 9.7 x 10 ppm H 0 a t  3 9 0 ' ~ .  The 

2 

m a x i m u m  water  content  ob ta inab le  without  apprec iab le  hydro lys i s  would 

be  I S 6  pprn a t  t h i s  same temperature.  This  maximum water  content  i s  approx- 

irnately two o rde r s  of magnitude h ighe r  than i n  t h e  commercial mel t s .  

There a r e  a d d i t i o n a l  and more s e r i o u s  l i m i t a t i o n s  caused by t h e  

glassware used i n  the  experiments.  That i s ,  when water  is  introduced 

i n t o  a 1,iCl-KC1 mel t ,  t he  glassware r e a c t s  wi th  t h e  mel t .  This  "etchfng" 



does n o t  cause  any problems i n  o b t a i n i n g  d a t a ,  a s  l o n g  a s  t h e  w a l l  Ls 

wet  by t h e  m e l t .  But t h e  r e a c t i o n  w i t h  g l a s s  does r e n d e r  t h e  conTe9tra- 

t i o n s  of v a r i o u s  s p e c i e s  i n  t h e  mel t  t o  b e  v a r i a b l e  w i t h  t ime  - which is  

of  c o u r s e  u n d e s i r a b l e .  The u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e  i n t s o d ~ c t i c n  

of i m p u r i t i e s  from t h e  e t c h i n g  i s  a l s o  u n d e s i r a b l e .  

The v a r i o u s  r e a c t i o n s  which may occur  and t h e  r e l a t i v e  importance 

o f  each i s  o u t l i n e d  below. The thermodynamic p r o p e r t i e s  of t h e  species 

were t a k e n  from t h e  l i t e r a t u r e  (22). Although t h e  exper iments  were n o t  

conducted a t  s t a n d a r d  c o n d i t i o n s ,  which a r e  t h e  c o n d i t i o n s  used i n  t h e  

c a l c u l a t i o n s ,  t h e  major  conc lus ions  a r e  n o t  a f f e c t e d .  A t  700°K, 

-?- 

(1) L i C l ( a )  + H20(g) +- LiOH(!L) + H C 1  (g)  A G O  = +19 k c a l  

-?- 

(2 )  K C 1  ( a )  + H20(g) c KOH(P) + H C 1  (g)  A G O  = +36 k c a l  

-+ 
(3)  H 0  (g)  + 2 L i C l ( e )  + S i 0 2 ( s )  + L i  Si03(L) + 2 HCl(g! 

2  2  

A G O  = + 8 k c a l  

(4) 2H20(g) + 2LiCl(a)  : L i  0  (L) + 2HC1 (g) + H2(g) 2 2  

A G O  = +45 k c a l  

-+ 
(5) 2H20(g) + LiCl(L)  + L i  O(a) + 2HC1 (g) A G O  = +60 kcal 2  

Reac t ions  ( I ) ,  ( 2 ) ,  ( 4 ) ,  and (5) a r e  r e a c t i o n s  between w a t e r  and the 

m e l t  components. Reac t ion  (3)  i n c l u d e s  t h e  g l a s s  a s  a  r e a c t a n t .  Therefore, 

i n  m e l t s  e q u i l i b r a t e d  w i t h  w a t e r ,  i n  g l a s s ,  i t  would b e  expected thar  t h e  

m e t a s i l i c a t e  (Li2Si0 ) ,  LiOH, and K C 1  would b e  major  h y d r o l y s i s  p radr ; c t s .  3 

KOH, L i202 ,  and L i  0  would b e  v e r y  minor s p e c i e s .  F u r t h e r ,  L i  S i O  would  
2  2 -3 



p r o s a b i y  b e  i n  h ighe r  concent ra t ion  i n  t h e  melt  than LiOH. Other r eac t ions  

may involve  t h e  pyrex components Na 0 and B 0 wi th  consequent i n t roduc t ion  2 2 3' 

o E other contaminants i n t o  t h e  mel t .  

These c a l c u l a t i o n s  s e r v e  t o  i n d i c a t e  t h a t  i t  w i l l  no t  be  p o s s i b l e  

t o  gc t o  a s  high water  concent ra t ions  i n  g l a s s  conta iners  as  i n  an i n e r t  

coc t  ainer  (such a s  P t ) . A l t e r n a t i v e l y ,  i n  o rde r  t o  conduct experiments 

011 t h e  e f f e c t  of high concent ra t ions  of H20 on SCC, i t  would b e  necessary t o  

use an i n e r t  conta iner  such a s  boron n i t r i d e .  This would in t roduce  problems 

of ob ta in ing  d a t a ,  s i n c e  t h e  specimen could no t  b e  observed a s  e a s i l y  a s  

i n  glassware.  

The measurement of water  concent ra t ion  i n  LiC1-KC1 melts  has  been 

done by t w o  methods i n  t h e  p a s t .  Burkhard and Corbet t  (20) used an 

absolute pres su re  method t o  determine t h e  amount of water  taken up by 

the i r  mel t s .  Lai tenen and o t h e r s  (23) have used an e lec t rochemica l  method, 

i,e., r e s i d u a l  cu r r en t  measurements, t o  determine t h e  r e l a t i v e  amount 

o f  vater i n  t h e i r  mel t s .  There is  no r e p o r t  i n  t h e  l i t e r a t u r e  of an 

a t t e m p t  to measure t h e  abso lu t e  quan t i t y  of water  i n  t h e s e  mel t s  by t h e  

* 
e iec t rochemica l  method, b u t  such an i n v e s t i g a t i o n  would b e  very u s e f u l  . 
Em the presen t  i n v e s t i g a t i o n ,  r e s i d u a l  cu r r en t s  have been measured t o  

dsrermine r e l a t i v e  concent ra t ions  of water .  

- 
9t 
Anderson Physics  Laboratory uses r e s i d u a l  cu r r en t  measurements t o  

indicate water  conten ts  i n  t h e i r  product b u t  t h e r e  a r e  no d e t a i l s  i n  

the l i t e r a t u r e .  



R e s u l t s  

R e s u l t s  have  been o b t a i n e d  f o r  s t r e s s  c o r r o s i o n  c r a c k i n g  in both " w e t "  

and "dry" m e l t s .  I n  F ig .  11 a r e  t h e  d a t a  f o r  3 7 5 " ~ .  The d a t a  for melt (I) 

were g iven  i n  t h e  p r e v i o u s  p r o g r e s s  r e p o r t  (16) and are g iven  again here 

f o r  purposes  o f  comparison.  I n  t h a t  r e p o r t ,  i t  was n o t e d  t h a t  t h e  data 

were t a k e n  a t  -900 mV. A d i f f e r e n t  r e f e r e n c e  e l e c t r o d e  was used f o r  zl:e 

d a t a  o b t a i n e d  w i t h  mel t  11. By comparison o f  t h e  r e f e r e n c e  e l e c t r o d e s ,  

i t  was p o s s i b l e  t o  p u t  t h e  d a t a  from mel t  I on t h e  same p o t e n t i a l  s c a l e ,  

* 
The d a t a  f o r  m e l t  (11) were  o b t a i n e d  i n  a n  e u t e c t i c  which was P o Q a r o q u a l i t y  

and was s p e c i f i e d  t o  c o n t a i n  l e s s  t h a n  1 ppm hydrogen ( a s  OH-) .  By comparison 

of t h e  " r e s i d u a l "  c u r r e n t  from t h e  p o l a r i z a t i o n  curves  f o r  each m e l t ,  m e l t  

(I) was found t o  c o n t a i n  approximately  10 t imes  more hydrogen than  me:-t  (11 > 
I t  i s  s e e n  t h a t  i n  t h e  p l a t e a u  r e g i o n ,  and i n  t h e  s t r e s s - d e p e n d e n t  segicn 

( a t  low s t r e s s e s )  t h e  two s e t s  o f  d a t a  c o i n c i d e .  We a r e  unab le  t o  :e?crt 

d a t a  f o r  dry m e l t s  i n  t h e  t r a n s i t i o n  r e g i o n  because  of t h e  l o s s  of informa- 

t i o n  from s e v e r a l  runs  (bad movies) .  

The p o l a r i z a t i o n  curve  f o r  T i  d i s s o l u t i o n  i n  a  pure  mel t  h a s  been 

i n c l u d e d  i n  t h e  f i g u r e .  I t  s e r v e s  t o  i n d i c a t e  t h a t  t h e  p o t e n t i a l  a t  

which a l l  t h e s e  d a t a  were t aken  was a n o d i c  o f  t h e  r e s t  p o t e n t i a l  of T i ,  

I n  b o t h  m e l t s  ( I )  and ( 1 1 ) ,  t h e  specimen cou ld  b e  c a t h o d i c a l l y  p r o t e c t e d .  

The c r a c k  may b e  i n i t i a t e d  by s w i t c h i n g  t o  an  a n o d i c  p o t e n t i a l ,  a n d  stopped 

by s w i t c h i n g  back t o  a  c a t h o d i c  p o t e n t i a l .  The v e l o c i t y  o f  c r a c k  p ropaga t ion  

i n  t h e  stress independent  r e g i o n  is  independent  o f  t h e  a n o d i c  p o t e n t i a l , ,  

s o  f a r  a s  i t  h a s  been  p o s s i b l e  t o  determine.  I n  t h e  s t r e s s  dependent region, 

a t  a c o n s t a n t  s t r e s s  i n t e n s i t y ,  t h e  c r a c k  p ropaga tes  f a s t e r  t h e  more 

a n o d i c  t h e  p o t e n t i a l .  The q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  t h i s  p o t e n t i a l  

dependence,  i n  b o t h  r e g i o n s  of c r a c k i n g ,  i s  of  major i n t e r e s t  and will 

b e  i n v e s t i g a t e d  i n  t h e  immediate f u t u r e .  - 
Anderson P h y s i c s  Labora to ry  
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Experiments have been conducted i n  mel t s  with wa te r  concent ra t ions  

approximately 50 times h ighe r  than the  Polaroqual i ty  melt  - as  de temined  

from r e s i d u a l  cu r r en t  measurements. In  t h e s e  mel t s ,  cont ra ry  t o  resu l t s  

i n  t he  previous melts  ( I )  and ( I I ) ,  it was no t  p o s s i b l e  t o  ca thod ica i ly  

p r o t e c t  t he  specimen. This precluded t ak ing  o the r  d a t a  i n  t he  m e l t ,  

These experiments were conducted i n  g l a s s  apparatus  and w i l l  b e  repezted 

i n  an i n e r t  appara tus .  The water  concent ra t ion  was such t h a t  the  glass 

would have r eac t ed  wi th  the  melt  t o  in t roduce  contamination. The resu1.t.s 

obta ined  f o r  t he  e f f e c t  of H 0 concent ra t ion  on SCC a r e :  
2 

(1) Melts ( I )  and (11) which d i f f e r e d  i n  water  content  by an order  

of magnitude had i d e n t i c a l  l o g  V vs K curves i n  t he  p l a t eau ,  

and a t  low s t r e s s  i n t e n s i t i e s  ; 

(2 )  I n  both melts  ( I )  and ( I I ) ,  i t  was poss ib l e  t o  ca thod ica l ly  p r o t e c t  

t he  specimen, and; 

( 3 )  I n  melt  ( I I I ) ,  wi th  a water  conten t  approximately 50 times h i g h e r  than 

mel t  (11) , we were unable t o  ca thod ica l ly  p r o t e c t  t h e  specimen* 

Resul t s  of experiments designed t o  r e v e a l  t he  temperature dependence e f  

s t r e s s  cor ros ion  cracking a r e  given i n  F i g u r e i Z ,  I n  t h i s  f i g u r e  i s  given 

t he  v e l o c i t y  of crack propagat ion i n  the  p l a t e a u  reg ion  as  a furretion -- 

of temperature.  I t  has  not  been p o s s i b l e  t o  determine the  analogous 

temperature e f f e c t  i n  t h e  s t ress-dependent  region because of t he  sca t te r  

of da ta .  The t rend  observed is  j u s t  ou t s ide  our  experimental  unce r t a in ty ,  

and the  "ac t iva t ion  energy" i s  found t o  be  about 3 kca l .  This i s  of  rhe 

same o rde r  of magnitude as  found f o r  o t h e r  environments (e.g. 161, and has 

t he  same temperature dependence as  t r a n s p o r t  phenomena, 



Fig. 12 Veloc i ty  as f u n c t i o n  of t empera ture  f o r  Ti(8%A1, 1 % V ,  1%Mo) 

i n  LiC1-KC1 e u t e c t i c  



Since t h e  r e s u l t s  repor ted  s o  f a r  i n d i c a t e  t h a t  anodic d i s s shu t ion  

p lays  a  major r o l e  i n  crack propagat ion i n  t hese  mel t s ,  i t  i s  appropr ia te  

t o  descr ibe  o t h e r  r e s u l t s  which r e l a t e  t o  the  anodic d i s s o l u t i o n  process, 

These a r e  q u a l i t a t i v e  a t  p r e s e n t ,  b u t  have t h e  prospect  of y i e l d i n g  more 

q u a n t i t a t i v e  da t a .  

There i s  anodic d i s s o l u t i o n  from the  bulk  s u r f a c e  of a specimen during 

crack propagat ion.  But t he  p e r t i n e n t  ques t ion  is whether t h e r e  i s  

d i s s o l u t i o n  i n  t h e  crack i t s e l f ,  and how i t  is  d i s t r i b u t e d .  The first  

r e s u l t  which i n d i c a t e s  t h a t  t h e r e  is  indeed anodic d i s s o l u t i o n  i a r  the 

crack is  the  v i s u a l  observa t ion  t h a t  the  s o l u t i o n  i n  t he  crack i s  highly 

1-2 
colored (dark green from T i  ) whi le  t he  o u t e r  s o l u t i o n  remains coEorEess~  

O f  course,  t h e  o u t e r  s o l u t i o n  becomes colored a f t e r  ex tens ive  d i s s o l u t i o n ,  

b u t  t h i s  takes much longer  and one may run s e v e r a l  t e s t s  i n  the  same 

melt be fo re  t he  green co lo r  may be de tec ted .  Also, experiments have been 

conducted i n  which the  p o t e n t i a l  of a  specimen is  changed slowly from 

t he  ca thodic  p r o t e c t i o n  reg ion  t o  more anodic p o t e n t i a l s .  I n  a very 

dry mel t ,  t h e r e  is  no cracking  u n t i l  t he  cu r r en t  becomes anodic.  Mhen 

cracking s t a r t s ,  t h e r e  is a simultaneous jump i n  t h e  cu r r en t  (more ancdic) 

which then decays back t o  a  low l e v e l .  Data from a current- t ime trace 

i s  given i n  Fig. 13. It may b e  seen t h a t  t h e  inc rease  i s  very sharp 

and cannot be reso lved  on t h i s  t r a c e .  The decay of cu r r en t  can b e  

d iv ided  roughly i n t o  two regions : 

(1) i n i t i a l l y  t he  cu r r en t  decreases  approximately p ropor t iona l  t o  t h e  

i nve r se  of time, and; 

( 2 )  then t h e  cu r r en t  decays inve r se ly  wi th  the  square  roo t  of time. 

Attempts t o  d i r e c t l y  c o r r e l a t e  t h i s  cu r r en t  t r a c e  t o  t h e  crack ex tens ion  

r a t e  have been unsuccessful .  



1 
Time (min) 

Fig, 13 Current as a function of time at initiation of cracking 

(Ti ( 8 % A 1 ,  1%V, 1%Mo) in LiC1-KC1 eutectic) 



Conclusions & Summary 

A l l  of t h e  r e s u l t s  thus  f a r  a r e  cons i s t en t  w i th  the  proposal  t h a t  

hydrogen embri t t lement  is  no t  r e spons ib l e  f o r  SCC i n  molten LiC1-KC1 

e u t e c t i c s .  Fur ther ,  anodic d i s s o l u t i o n  does seem t o  be  involved i n  the 

f r a c t u r e .  We base  these  conclusions on the  observat ions i n  melts wit11 

low water  conten t ,  i . e . ,  

(1) t he  water  ( o r  hydrogen) content  i s  too low t o  support  cracking of 

t he  v e l o c i t i e s  observed; 

(2) i t  i s  p o s s i b l e  t o  prevent  c racking ,  and t o  s t o p  i t  once s t a r t e d ,  

by maintaining the  specimen ca thodic  of t he  r e s t  p o t e n t i a l ;  

( 3 )  crack v e l o c i t i e s  a r e  a  func t ion  of p o t e n t i a l  i n  t h e  s t r e s s  d e p e n d e ~ t  

reg ion ,  wi th  the  v e l o c i t y  be ing  h ighe r  a t  more anodic p o t e n t i a l s ,  

(4)  melts  I and 11 have i d e n t i c a l  curves of l og  V vs  K over most 

of t he  curve; 

( 5 )  t he  more concentrated s o l u t i o n  of 'I'if2 i n  the  crack,  i n d i c a t e s  

a  h ighe r  r a t e  of d i s s o l u t i o n  t h e r e  than on the  o u t e r  s u r f a c e ;  

( 6 )  t he  cu r r en t  t r a n s i e n t s  a t  the  onse t  of cracking r evea l  t h a t  

anodic d i s s o l u t i o n ,  a t  a  h ighe r  l e v e l  than from the  bulk  su~cface ,  

occurs  i n  t he  crack.  

The behavior  i n  melts  wi th  h ighe r  water  conten t ,  i . e . ,  no ca thodic  

p r o t e c t i o n ,  must be confirmed be fo re  specu la t ing  about i t .  

I f  anodic d i s s o l u t i o n  a lone  were respons ib le  f o r  crack propagation 

-I 
a t  v e l o c i t i e s  of 7 x 10 cm/sec, a t i p  d i s s o l u t i o n  cu r ren t  dens i ty  of about 

4 2 10 amps/cm would be  requi red .  By comparing t h i s  t o  t h e  cu r r en t  density on 



2 
tt e outsr s u r f  a c e  (about  1 malcm ) one  s e e s  t h a t  t h e  c u r r e n t  d e n s i t y  would 

Pave t o  be  i n c r e a s e d  by seven  o r d e r s  of magnitude i n  t h e  c r a c k  over  t h a t  on 

t h e  o u t e r  s u r f a c e .  P a r t  of t h i s  e f f e c t  cou ld  b e  caused by t h e  "c lean"  n a t u r e  

cf t h e  c r a c k  w a l l s ,  s i n c e  T i  does n o t  p a s s i v a t e  i n  t h e  m e l t .  

It i s  known from r e s u l t s  i n  t h i s  l a b o r a t o r y  t h a t  t h e  e lec t rochemica l  

behaveor  of "c lean"  s u r f a c e s  is  s t r i k i n g l y  d i f f e r e n t  from t h a t  o f  

partially o x i d i z e d  s u r f a c e s .  Indeed,  i n  aqueous s o l u t i o n s  T i  e x h i b i t s  

abou-t f o u r  o r d e r s  o f  magnitude d i f f e r e n c e  i n  d i s s o l u t i o n  c u r r e n t  a t  t h e  

mixed p o t e n t i a l  between t h e  two k i n d s  of s u r f a c e .  Th is  is  probab ly  t h e  

major reason  f o r  t h e  h i g h e r  d i s s o l u t i o n  c u r r e n t  i n  t h e  c rack ,  as i n d i c a t e d  

5y b o t h t h e  v i s u a l  o b s e r v a t i o n s  and t h e  cur ren t - t ime  t r a c e .  D i f f e r e n c e s  

berween c l e a n  and p a s s i v a t e d  s u r f a c e s  cannot  t o t a l l y  e x p l a i n  t h e  observed 

b e h a v i o r ,  i f  anod ic  d i s s o l u t i o n  i s  supposed t o  occur  a t  t h e  c r a c k  t i p ,  

ri cwever . 

If one assumes t h a t  t h e  c r a c k  w a l l s  a r e  n o t  p a s s i v a t e d ,  t h e n  one may 

c a r c u l a t e  t h e  expec ted  c u r r e n t  d i s t r i b u t i o n .  Wagner (24)  and Cheh (25) 

have b o t h  s o l v e d  f o r  t h e  c u r r e n t  d i s t r i b u t i o n  f o r  c a s e  of a n  e l e c t r o d e  

a f t h  a wedge shaped no tch  i n  i t .  They f i n d  t h a t  f o r  t h e  primary c u r r e n t  

* 
c ' l s t r i b u t i o n ,  one would e x p e c t  z e r o  t i p  c u r r e n t  i n  a s h a r p  c r a c k  . T h i s  

c i s t r i b u t i o n  on ly  t a k e s  account  of ohmic e f f e c t s .  When t h e  i n t e r f a c i a l  

e f f e c t s  a r e  t aken  i n t o  account  through t h e  e l e c t r o d e  k i n e t i c s ,  t h e  

secondary c u r r e n t  d i s t r i b u t i o n  is  o b t a i n e d .  They f i n d  t h a t  f o r  l i n e a r  

p o i a r L z a t i o n ,  

9% 
Tke e q u a t i o n  t o  b e  s o l v e d f o r  t h e  primary c u r r e n t  d i s t r i b u t i o n  is  v 2 $  = 0 ,  

with a p p r o p r i a t e  boundary c o n d i t i o n s .  Th i s  e q u a t i o n  f o r  t h e  p o t e n t i a l  

4s analogous t o  t h e  e q u a t i o n  f o r  C H + d i s c u s s e d  i n  an  e a r l i e r  s e c t i o n .  



and f o r  T a f e l  p o l a r i z a t i o n ,  

where i is  t h e  cu r r en t  dens i ty  t o  t h e  crack w a l l  a t  t h e  entrance 
0 

i is t h e  cu r r en t  dens i ty  t o  t he  t i p  of a  sharp  crack t 

i is t h e  average cu r r en t  dens i ty  i n  t h e  crack f o r  the 
avg 

primary cu r ren t .  

1 iavg 1 i s  t h e  abso lu t e  va lue  of t h e  cu r r en t  dens i ty  i n  the crack 

L i s  t h e  crack opening, o r  displacement,  a t  t h e  entrance, 

K i s  t h e  s o l u t i o n  conduct iv i ty  

(1-a) i s  a  k i n e t i c  parameter 

n i s  t h e  s u r f a c e  o v e r p o t e n t i a l  
S 

0 is t h e  crack angle 

M i s  t h e  number of e l e c t r o n s  involved i n  t h e  electrochemica% 

r e a c t i o n  

f: i s  Faraday ' s cons tan t  

R is  t h e  gas cons tan t  

T i s  t h e  abso lu t e  temperature.  



~ 0 t h  o f  t hese  expressions i n d i c a t e  t h a t  t h e  d i s s o l u t i o n  cu r ren t  densi ty  

a t  t h e  t i p  would not  be  zero ,  b u t  would b e  l e s s  than t h e  cu r r en t  dens i ty  

to t he  o u t e r  p a r t  of t h e  crack.  This  i s  j u s t  t h e  oppos i te  of what i s  

needed t o  extend a crack.  Therefore t h e  e f f e c t  of having c lean  crack 

w a l l s  would b e  t o  d i s t r i b u t e  t h e  cu r r en t  away from t h e  t i p ,  producing a 

blimtec'l crack.  The only way t h e  t i p  cu r r en t  could b e  h ighe r  than t h e  

cu r r en t  t o  t h e  o u t e r  wa l l s  is  through an e f f e c t  of t h e  s t r e s s  a t  t h e  

t l p .  This  s t r e s s  might b e  imagined t o  change t h e  d i s s o l u t i o n  k i n e t i c s  

at the t i p  a s  w e l l  a s  t h e  p o t e n t i a l  of zero cu r r en t .  It has been 

?reposed ( 26)  t h a t  t h e  a p p l i c a t i o n  of s t r e s s  does indeed inc rease  

i:ke r a t e  a t  which d i s s o l u t i o n  of a metal  may occur ,  b u t  no d a t a  has  ever 

been reported on c l ean ,  i . e . ,  oxide-free s u r f a c e s .  There would be  

great i n t e r e s t  i n  ob ta in ing  such da t a .  

'The d i s s o l u t i o n  of t i t an ium seems t o  b e  of importance i n  understanding 

the observed s t r e s s  cor ros ion  behavior  . From l i t e r a t u r e  d a t a  07 ) , one 

may c a l c u l a t e  t h e  amount of both and TiC3 i n  s o l u t i o n  i n  equi l ibr ium 

w i t h  the metal ,  i . e . ,  

+ 3 
2Ti ( so ln)  + T i ( s )  = 3TiC2(soln) . 

The e c j ~ ~ i l i b r i u m  cons tan t  f o r  t h e  r e a c t i o n  has t h e  va lue  of 



which r evea l s  t h a t  ~ 1 ' ~  w i l l  always have a lower equi l ibr ium concentrat ion 

than  Ti+2. Therefore,  we propose t h a t  t h e  d i s s o l u t i o n  of T i  i s  primarily 

due t o  t h e  r e a c t i o n  

T i ( a )  + Ti" ( s o h )  + 2e- 

The green s o l u t i o n s  formed i n  our  experiments confirm t h a t  this 

r e a c t i o n  does occur b u t  t h e r e  a r eno  k i n e t i c  d a t a  f o r  t h i s  p a r t i c u l a r  

r e a c t i o n  i n  t he  LiC1-KC1 e u t e c t i c .  Other d i v a l e n t  i ons  a r e  formed 

Z with  exchange cu r ren t  d e n s i t i e s  of about 10A/cm (28) .  The r eac t ion  

+2 +3 + e 
- 

T i  -+ T i  
(soln)  ( s  oln) 

has  an exchange cu r ren t  dens i ty  of 4 0 ~ / c r n ~  (28). 

I f  a l i m i t a t i o n  of t h i s  d i s s o l u t i o n  i s  respons ib le  f o r  t h e  

s t ress- independent  p l a t eau  i n  t h e  log  V vs K curves,  i t  i s  proposed 

t h a t  t h i s  may be  a cu r r en t  l i m i t e d  by s o l i d  s o l u b i l i t y  ( o r  some other 

equi l ibr ium c o n s t r a i n t )  . 
I n  summary, d a t a  have been obta ined  f o r  s t r e s s  cor ros ion  cracking 

of T i (8% A l ,  1 % V ,  l%Mo) i n  t h e  e u t e c t i c  melt .  These r e s u l t s  are consistent 

with  t h e  proposal  t h a t  hydrogen embri t t lement  does no t  play a major role 

i n  t h e  cracking process .  Fu r the r ,  anodic d i s s o l u t i o n  seems t o  be 

involved i n  the  c racking ,  and some conclusions have been drawn from 

t h i s  assumption. 



4.0 CONCLUSIONS 

1. New s u r f a c e s  of t i t a n i u m  formed i n  aqueous HF and methanol-HC1 

s o l u t i o n s  showed no ev idence  o f  p a s s i v a t i o n .  

2. Model r e l a t i o n s  f o r  rate of  o x i d e  p a t c h  growth on new t i t a n i u m  

s u r f a c e s  as a  f u n c t i o n  of p o t e n t i a l  were  d e r i v e d .  

3 .  Ana lys i s  of hydrogen i o n  t r a n s p o r t  i n  mol ten s a l t  i n  a s t r e s s  

c o r r o s i o n  c r a c k  i n d i c a t e d  t h a t  t h e  p r o c e s s  is  t o o  slow f o r  

hydrogen t o  c o n t r i b u t e  s i g n i f i c a n t l y  t o  c r a c k  p ropaga t ion .  

4 Exper imental  ev idence  o f  h i g h e r  d i s s o l u t i o n  rate of t i t a n i u m  

i n  t h e  p r o p a g a t i n g  c r a c k  as compared t o  t h e  o u t e r  s u r f a c e s  was 

observed.  



5.0 FUTURE WORK 

The fol lowing i tems of work a r e  planned f o r  t h e  immediate future: 

1. Conduct f u r t h e r  SCC s t u d i e s  i n  molten s a l t s .  

2. Conduct f u r t h e r  s t u d i e s  on i n i t i a t i o n  and propagat ion processes  in 

very l a r g e  gra ined  specimens of Ti:lOAl, Ti:8Mn, Ti:13VllCr3A4. 

3 .  Study s u s c e p t i b i l i t y  t o  SCC of Ti:Cu, Ti:Al-Si, Ti:V, Ti:16 l%, and 

Ti:Sn a l l o y s  i n  var ious  s o l u t i o n s .  

4. Resolve the  problem of c h l o r i d e  a n a l y s i s  of t i t an ium.  

5. Conduct more q u a n t i t a t i v e  e lec t rochemica l  k i n e t i c  s t u d i e s  with a 

wider  range of h a l i d e  concent ra t ions  and p o t e n t i a l s  f o r  t i t an ium and 

aluminum. 

6 .  Inc lude  p a r a l l e l  s o l u b l e  t i t an ium i o n  formation i n  mass-transport- 

k i n e t i c  model. 

7 .  Focus a t t e n t i o n  conceptual ly and experimental ly  on events  a t  the 

crack t i p .  
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7.0 APPENDIX 

Appendix I 

What  determines i a t  edge of patches.  2 

P ,  I R  drop - ca l cu la t ed  he re  

2, T a f e l  k i n e t i c s  - See Appendix I V  

3 .  Mass t r a n s p o r t  - no t  l i k e l y  f o r  T i  + 2H20 + Ti02 + 4H + 4e 

because H 0 is  a t  h igh  concent ra t ion .  
2 

Calcu la t ion  of I R  drop 

( i n i t i a l )  

Starts a t  po in t s  

with hemispherical  

conduction 

1. I n i t i a l  Condition 

(middle) 

I2 = i2(271 r16,) 

assume r 2  >> r l  

( f i n a l )  

Ends a t  po in t s  wi th  

hemispher ica l  conduction 

f o r  hemispher ica l  conduction 



For p = 2 ohm cm f o r  concentrated HC1,  

- 8 
6 = 5 x 10 cm, and 

m 
2 

i2 = 100 amp/cm ; 

*+o = (2) ( 5  (100) = lom5 

0'. ohmic drop not  l i m i t i n g  i n i t i a l l y .  

2. Middle Condition 

There should b e  smal le r  I R  drop because c y l i n d r i c a l  conduction to 

periphery v a r i e s  as  Lnf2/rl). 

3 .  F i n a l  Condition 

Assume h o l e  has some effective 

'b ,' r ad ius ,  r l  , and 

I\ r2 >> r l .  

I 2 = i2(2nr16m) 

i 
(2 6 ) + i + ( r l ) ~  

2 
m .'. Am, = 2 p = (i26, + i+ f: ) P  



Assuming t h a t  rl > 6m and i2 zi+, 

2 
For i, := 1 amp/cm ( f o r  T = 2 m s  @ Omv i n  3M HCl), 

p = 2 ohm cm, and 

-6 r i = 2 x 1 0  cm; 

z a  Under no condi t ion  of growth of t h e  patches does hemispherical  

condi t ion  next  t o  t h e  s u r f a c e  appear t o  b e  l i m i t i n g .  



Appendix I1 

Equation f o r  ca l cu la t ion  of C % 

A. Disso lu t ion  Current Density 

A s  s ume : 

1. Dissolu t ion  occurs by T a f e l  k i n e t i c s  on b a r e  a reas  

between oxide patches.  

2. An ohmic drop between Luggin c a p i l l a r y  and specimen 
- 

s u r f a c e  A $  = i p R  
0 

3 .  Uniform macroscopic cur rent  dens i ty  across  f ace  of 

specimen, 

4. Avrami condit ion a p p l i e s ,  i. e ,  , 

1-8 = exp(-0 ) 
ex 

an F 
'ex 

nf a& z Taking logari thms,  i+ =Lni& + % ((rnp-(rne) - i - 0 
RT ex 

den< de 
D i f f e r e n t i a t i n g ,  -.- - an~~;d, d: ex - - -  - - -  

d r RT d.r d~  



8, E q ~ a t i o n  f o r  Patch Growth 

Assume : 

1. Instantaneous nuclea t ion  of n patcheslcm 2 

2 .  Two-dimensional patch growth 

3 .  No thickening of patches u n t i l  f i r s t  l a y e r  complete. 

where & = (nn)' (e) 
2 



15 C.  Equation t o  Evaluate C 

Assume: Current t o  form patches is  n e g l i g i b l e  compared t o  
c u r r e n t ,  eoe i = i + 

Combining f i n a l  equat ion i n  p a r t s  A and B 

'I 

anfp jj: &eni 1 ? d ~ = - ' / 2  [ I +  (RT ) i] - d~ 
0 



Appendix I11 

Modified Equation t o  Ca lcu la t e  Values of C 
k 

(holes  corroded i n  s u r f a c e  between patches)  

Assume: Tangent ia l  growth of oxide on s u r f a c e  a t  v e l o c i t y  V 
0 

Normal d i s s o l u t i o n  r a t e  of meta l  a t  v e l o c i t y  v+ over  

t h e  b a r e  su r f ace .  

A metal  

7 
As t h e s e  two processes  cont inue a contour develops 

where v s iny  = v 
0 f .  



Assume n b a r e  a r eas  of i n i t i a l  r ad ius  . r between oxide pa tches .  
0 

'\ I 
'I 

I n  o rde r  t h a t  t h e  ho le s  do no t  grow i n  radius,  

V+ 
V 

- -  + - s i n  Y '1 ; ewe 0 < - < I .  v v 
0 0 

I f  v+/vo > 1 t h e  edges of the  ho le s  become I '  undermined. " T h i s  mag 

be  t h e  condi t ion  a t  t h e  p i t t i n g  p o t e n t i a l :  i . e . ,  t h e  p i t t i n g  p o t e n t i a l  

may b e  determined by k i n e t i c s  r a t h e r  than by t h e  thermodynamic considslrations 

(29 ) suggested by Ve t t e r  . 



1 f o r  t i t a n i u m ,  ZFP a6 

Total cur ren t  dens i ty  

For i+=i2 
and r >>6 I+ >I 

m ' 0 

and 

i;r:nI+ 



= - (&j i2 d~ COSY 

Qo 

T 

i c nni+ [ro - ($!) ti2 d r  cosy 
0 

T 

r 
- - i+ [(nn) 35 r - (n~)~(:~, J i2 d r  cosy 

0 0 J 
Let  n,ro2 = 1 

6m 
and (nn) ( )  i2 = c4 

T 2 

1 - cosy c4 d r  
0 

Using Ta fe l  r e l a t i o n  f o r  i+, 



T.aking logari thms,  

D i f f e r e n t i a t i n g ,  'I: 

a r ufi [~ -~~~~i  c'd~] 

d h i  
RT 

i] F= 
d-c 



Appendix I V  

4 
Theory f o r  s lope  of log  C vs + 

Assume r e a c t i o n  scheme 

a t  s teady s t a t e ,  

Assume Tafe l  k i n e t i c s  f o r  r eac t ions  1, 2 and 3 and f i r s t  o r d e r  

k i n e t i c s  f o r  r eac tan t s  



Assume : 

1, A l l  r eac t ions  r e f e r r e d  t o  mixed p o t e n t i a l  and 

2 ,  a a 
H  0 = cons t an t ,  H+ = constant  2 

Theref ore: 

i = i  
I m l  exp [ a l r l l H 1  

Case 2: i 
3 

" z 2i3 
>> i2 ' * o i  1 

and 

2  
JTiO a O ~ i O  ) = i exp [ a 2 q 2 H ]  m 2  



d l o g  i (alr\ l  + a2n2  - ~ 3 ~ 3 )  2 - - 
dn 2 . 3  RT/F 

drl -- - - 2 .3  RT/F.  - 59 
d l o g  i2 ( a l r i l  + a ~ r i 2 -  a3n3)-  ( a ln l  + 0 2 ~ 2  - a37-1~) 

( 2 . 3  RT/F = 59 mv/decade> 

Value ca l cu la t ed  from experiments = -220 mvldecade 

59 0.27 (a ln l  + a2n2-013 173) = -== - 



1, It i s  n o t  l i k e l y  t h a t  a ln l+a2n2 - a3n3 would b e  negat ive  

i f  a n ' s  a r e  a l l  about 112. 

2 .  The assumption t h a t  i >> i is  i n c o n s i s t e n t  wi th  t h e  assumption 
3 2 

i+ 
t h a t  O <  -T- < 1 made i n  Appendix 111. 

1 
2 

Case II : i << i 
3 2 

and 

If i i s  l i m i t e d  such a s  by mass t r a n s p o r t  
3 



Case I1 has t h e  v i r t u e s  t h a t :  

I. a2n2 - a3u3 could b e  negat ive .  
L 
Jr 

2 .  i3 << i2 is  cons i s t en t  wi th  the  assumption t h a t  0 < - < 1 
k 2 

made i n  Appendix 1x1. 

3+ 3 .  A mass t r anspor t  l i m i t  f o r  T i  away from t h e  e l ec t rode  i s  

cons i s t en t  with t h e  high anodic cur rent  d e n s i t i e s  a t  the mixed 

* 
p o t e n t i a l  ( s ee  below) . 

4 .  Below t h e  mixed p o t e n t i a l  (co inc ident ly  simultaneous with t h e  

3+ 
mass t r anspor t  l i m i t  f o r  T i  ) i and the re fo re  $ c o u l d  2 

i nc rease  wi th  p o t e n t i a l .  



-K- 'sat 
Kate: A t  s teady  s t a t e ,  l i m i t i n g  cu r r en t  dens i ty  i s  i = ZFD 7 . 

L 

For z - 3 

5 coul/mole F "- 10 

-2 
= 10 molelcm 

3 
'sat 

For one-dimensional unsteady-state  d i f f u s i o n  i n t o  semi- 

i n f i n i t e  medium 

For above va lues ,  




